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a  b  s  t r  a  c  t
Low  cost  ﬁlter  materials  for  efﬁcient  waste  water  treatment  in  constructed  wetlands  are  worldwide
in  demand.  However,  information  on  soil physical  parameters  needed  for efﬁcient  treatment  is scarce.
We  investigated  5 different  lava  and  one  ﬂuviatile  operating  sand  ﬁlters  in Germany  for  their  differ-
ences  in  pore  size  distribution  spectra,  speciﬁc  inner  surface  area  and  cumulative  pore  volume.  While
these  soil  physical  parameters  did have  an inﬂuence  on  puriﬁcation  capacity  and  hydraulic  conduc-
tivity,  differences  in  mineralogy  (presence  of  zeolites),  waste  water  distribution  systems  (bafﬂe  plateseywords:
aste water treatment
orosity
uriﬁcation capacity
ava sands
versus  pipes)  and  loading  rates  were the  dominating  factors  determining  ﬁlter  efﬁciency.  Lava  sands  con-
vince with  high  puriﬁcation  capacities  during  permanent  loading  rates  of  >100  mm  d−1, average  loading
rates  of  20  g  COD  m−2 d−1 (chemical  oxygen  demand)  and  approximate  effective  loading  rates  of  up  to
250  g COD  m−2 d−1.
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. Introduction
Work and cost efﬁcient waste water treatment is globally and
egionally of crucial importance and might become one of the
ost demanding tasks in urban areas in many regions of the
orld in the near future (IPCC, 2007). The usefulness and suit-
bility of constructed wetlands for waste water treatment have
een increasingly recognized worldwide in recent years and have a
ore than ﬁve decade history in Europe (for overview see Vymazal,
011; Knowles et al., 2011). The most common ﬁlter materials
or constructed wetlands in the industrialized countries are ﬂuvi-
tile sands, because they are efﬁcient ﬁlter materials, chemically
elatively inert, connected to low costs and easily available. In
ermany, constructed wetlands have a long history for more than
undred years (for an historic overview see Boerner et al., 1998, and
eller, 1997). Because vertical ﬂow operated systems (Fig. 1) are
enerally less prone to clogging (due to a more uniform distribution
∗ Corresponding author. Tel.: +41 61 2670477.
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f the waste water combined with intermittent loading resulting
n alternating oxic and anoxic phases) than horizontal ﬂow subsur-
ace systems they became the more popular operating system in
ermany (see review Knowles et al., 2011). After the ofﬁcial regu-
atory design guidelines were published in the late 1980s and 1990s
ATV, 1989, 1998), tens of thousands of constructed wetlands were
uilt (mostly as reed bed soil ﬁlters) and operated successfully in
ifferent federal states of Germany. However, the commonly used
uviatile sand ﬁlters were criticized for their relatively short life
pan due to clogging (Blazejewski and Murat-Blazejewska, 1997;
ngelmann et al., 2003, see an European comparison in Knowles
t al., 2011), especially if connected to high organic loading (Winter
nd Goetz, 2001; Tuszynska and Obarska-Pempkowiak, 2008). The
atter causes the need of sand renewal, which is connected to com-
arably high operational costs. The overall discussion resulted in
ew ofﬁcial regulatory design guidelines, which require consid-
rably higher pre-ﬁlter elimination volumes (between 500 and
,500 L PE−1 (PE = population equivalent)) and bigger surface areas
f the ﬁlters (2.5–4 m2 PE−1) (DWA, 2006; FLL, 2008).
Generally, life span of sand ﬁlters are reported to exceed sev-
ral decades (with an exception for phosphorous or heavy metal
orption in some of them but no decline in biological puriﬁ-
ation capacity), as long as loading rates of 80 mm d−1 are not
xceeded (DWA, 2006). However, loading rates of ≤80 mm d−1 is
ften not sufﬁcient for urban waste water treatment – especially
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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2Fig. 1. Scheme of vertical ﬂow constructed wetlands for the bafﬂe pla
or wastewater of mixed sewer systems – where only limited space
s available and ﬁnances cannot afford a spacy ﬁlter design.
Lava sands with similar average pore sizes (0–4 mm)  as the dis-
ussed ﬂuviatile sands seemed to be the solution for the problem,
ince clogging was not observed even with a hydraulic loading of
p to 225 mm d−1 (Hasselbach, 2013). Thus, with comparable or
ven better puriﬁcation capacity, lava sands have a tenfold higher
ydraulic conductivity compared to ﬂuviatile sands (Bruch et al.,
011). As such, the Entsorgungsverband Saar (EVS), an associa-
ion of interest of all 52 municipalities of the Saarland, one of the
ederal states of Germany, developed an ofﬁcial regulatory design
pproach for the waste water management with lava sands as ﬁlter
aterials (Drescher et al., 2007), which differs from the commonly
sed approach for ﬂuviatile sands and allows higher loading rates.
Information on lava sands as ﬁlter materials in constructed
etlands is so far scarce in the international literature, despite
heir intriguing characteristics and capacities. Machate et al. (1999)
nd high removal rates of nitrate, nitrite as well as organic con-
aminants from contaminated groundwater in a lava sand ﬁltered
onstructed wetland. Bruch et al. (2011) concluded that zeolites
lay a crucial role in improving the puriﬁcation capacity of lava
and ﬁlters. However, suitability and puriﬁcation capacity of lava
ands have been discussed in the grey literature of Germany (e.g.,
lfs and Reinhardt, 1999; Drescher and Hasselbach, 2010). But with
he exception of Bruch et al. (2011), who investigated soil chemi-
al parameters, none of the published studies on lava sands tried
o scrutinize the material properties in search for a mechanistic
nderstanding of removal efﬁciency and hydraulic properties.
The role of porosity and grain sizes in ﬁlter materials has been
ointed out by Baeder-Bederski et al. (2004) when they compared
and ﬁlters to a mixture of sand-clay in constructed wetlands in
ermany. The factors promoting or causing clogging have already
een described several times in detail during the last four decades
anging from grain sizes, bioﬁlm growth, vegetation growth,
rganic or inorganic accumulation of organic matter including
icrobial polysaccharides, accumulation of calcium–silica-gels,
aCO3, suspended solids or soil colloids or the collapse of macro
ores and operating systems (e.g. Nevo and Mitchell, 1967; de
ries, 1972; Blazejewski and Murat-Blazejewska, 1997; Pedescoll
t al., 2011a; Knowles et al., 2011). However, even though the
ole of the pore sizes, the pore size distribution and the speciﬁc
nner surface area has been acknowledged as important regulating
i
se ﬁlters. Plants are Phragmites autralis planted with 4 plants per m2.
actors, only de Vries (1972) actually gave information on these
arameters. Even an intensive in depth review of the factors inﬂu-
ncing clogging of constructed treatment wetlands on a European
cale (Knowles et al., 2011), did not address the role of the above
entioned soil physical characteristics. The authors point out, that
he dynamic mechanisms of clogging cannot be addressed at the
oment, because the necessary detailed scientiﬁc studies are lack-
ng (Knowles et al., 2011).
Very recent literature points again to the importance of soil
hysical parameters. In laboratory experiments, Harris et al. (2012)
ound that different genotypic and phenotypic structures of bio-
ogical communities were reliably generated by the engineering
f their physical environment in terms of structural complexity
as determined by particle size distribution and therefore pore
ize distribution). Theoretical consideration and modelling studies
emonstrate that the heterogeneity of the pore-size distribution
as a signiﬁcant impact on bioavailability of contaminants while
he heterogeneity of the biomass distribution only (Gharasoo et al.,
012) or the inclusion of plant roots oxygen release leads to minor
ffects (Samso and Garcia, 2013). Furthermore, the pore size distri-
ution is crucial when it comes to porosity reduction due to bacteria
rowth and accumulation of particulate components (Giraldi et al.,
010). As such, soil physical parameters should play a crucial role
or the puriﬁcation capacity and longevity of constructed wetlands.
The aim of this study was to investigate the role of material
orosity and Brunauer–Emmett–Teller speciﬁc inner surface area
BET) for the removal efﬁciency and hydraulic properties of sand
lters. We compared three different lava sands within one con-
tructed wetland (Riesweiler, Saarland) to study the inﬂuence of
oil physical parameters on hydraulic conductivity. We  further
nvestigated the dependency of puriﬁcation capacities of vertical
ow constructed wetlands from soil physical parameters and dif-
erent distribution systems of the ﬁlters at Riesweiler with those
f two  other lava sand ﬁlters (Medelsheim, near Gersheim and
üschdorf, near Perl, Saarland) and a ﬂuviatile sand ﬁlter at St.
lban (near Alzey, Rhineland-Palatinate).
. SitesAll constructed wetlands are used as municipal plants operat-
ng in vertical ﬂow regime (Fig. 1) to treat wastewater of mixed
ewer systems (please note that St. Alban and Büschdorf have a
126 I. Bruch et al. / Ecological Engineering 68 (2014) 124–132
Table 1
Characteristics of selected constructed wetlands. Removal rates (RR) of chemical oxygen demand (COD), ammonia (NH4) and phosphorous (P) are given in %. n.a. = not
available.
Lava B Lava F1 Lava F2 Lava F3 Lava M Fluviatile A
Municipality Büschdorf Riesweiler Riesweiler Riesweiler Medelsheim St. Alban
Geological origin of sand Eifel Rhine-Valley
Start  of operation April 2005 October 2007 October 2007 October 2007 January 2007 April 2004
PEa 400 100 100 100 500 1150
m2 per PEa 3 2.4
Loading system Bafﬂe plate Pipes
Loading rate (mm  d−1) 87 106 111 35
Grain  size (mm)  0–4 0–4 0–4 0–4 0–4 0.6–1.2
CODb in mg/l 406.7 195.4 195.4 195.4 172.4 412.7
out  mg/l 22.3 22.6 32.3 60 33.9 33.4
RR  % 95 88 83 69 80 92
NH4-Nb in mg/l 27.3 16.5 16.5 16.5 14.9 71.6
out  mg/l 0.22 0.50 1.15 3.28 0.30 2.19
RR  % 99 97 93 80 98 97
Ptotb in mg/l 5.81 4.0 4.0 4.0 3.50 n.a.
out  mg/l 1.39 0.69 1.51 2.15 1.60 n.a.
RR  % 76 83 62 46 54 n.a.
Source: Data Büschdorf and Medelsheim from Hasselbach (2013).
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fn = inﬂuent soil ﬁlter, out = efﬂuent soil ﬁlter.
a Population equivalent.
b Mean values; for B: n = 286 [04-2005–11-2011]; for F1–F3:  n = 109 [10–2007–0
igher fraction of sewage compared to the other ﬁlters with COD
oncentrations of >400 mg  l−1, Table 1). The wetlands, which are
ocated within <100 km distance, are all planted with reed (Phrag-
ites australis, 4 plants per m2). Filters are fed intermittently
ith municipal waste water from small municipalities with one
eek of loading followed by one week of resting, where ﬁlters
ecome dry and fully oxic again. Average loading of lava sand ﬁl-
ers was >100 mm d−1 for Riesweiler (mean of 2008–2011, ﬁlter
rea 50 m2 each) and Medelsheim (mean of 2009–2011, ﬁlter area
500 m2), 87 mm d−1 for Büschdorf (mean of 2005–2011, ﬁlter area
040 m2) and ≤35 mm d−1 for the ﬂuviatile sand St. Alban (mean
f 2006–2010, ﬁlter area 2750 m2).
All ﬁlters have a gravel base at the bottom (25 cm,  4–8 mm grain
ize) with a sand layer of 70 cm (0–4 mm grain size) on top.
In addition to the differences in ﬁlter materials, the difference
etween the facilities is in their waste water distribution systems
nd loading rates (Table 1). The lava sand ﬁlters Riesweiler F1 to
3 are loaded by bafﬂe plates with a density of one plate for every
2.5 m2 and all three sands are loaded with the same rates at the
ame locality. The lava sand ﬁlters Medelsheim and Büschdorf are
lso loaded by bafﬂe plates but with a lower density of one plate
very 25 m2. In contrast, St. Alban is loaded by a dense pipe system
ith the distance between pipes being 1.5 m and loading holes in
he pipes at every 1.5 m.  As such, the distribution density is 2.25 m2
or every loading hole.
The facilities are connected to a mixed sewer system serv-
ng between 100 and 1150 residents and have been in operation
etween 5 and 9 years (Table 1). All facilities exhibit high removal
ates for chemical oxygen demand, ammonia and phosphorous
hich makes them suitable waste water treatment plants for the
ocal authorities (Table 1).
. Methods
As a relative measure of hydraulic conductivity, runoff peak val-
es were evaluated weekly after manual loading of waste water
ith 6 m3 in the Riesweiler ﬁlters F1, F2, F3 between February 2008
nd March 2011.
Soil samples at all sites were taken on November 24th and 25th
010. As our aim was to study the characteristics of the ﬁlter mate-
ials (e.g., the primary pores of the sands and not the secondary
d
t
M1], for M:  n = 88 [02–2007–12–2011], for A: n = 239 [04–2006–10–2010].
ores created by vegetation or soil biota), the sand was not taken
s an undisturbed core but as a mixed sample from 0 to 30 cm depth.
Pore size investigations were carried out by mercury intrusion
orosimetry (for detailed description of the method see Rouquerol
t al., 1994), covering the pore size range from small mineral meso-
ores to coarse soil pores and by gas sorption experiments with
rgon at 87 K covering the range from mineral micro pores to
eso pores, generating also data for the speciﬁc inner surface area
BET).
As repetition of a measurement usually generates exactly the
ame value as before, measurements were based on single experi-
ents, averaging the bulk of all particles in the measurement cell
ith 10 g and 3–4 g of sand collected from different spots of the
ulk sample for the argon and the mercury intrusion, respectively.
Mercury intrusion was carried out on a Pascal 440 instrument
Thermo Electron) at a pressure range of 0.135–4000 bar, covering
 pore size range from 110 m to 37 nm (assumption of cylindri-
al pores, contact angle 140◦). Data treatment was  performed with
nstrument software giving information about mercury intrusion-
ccessible pore volume and pore size distribution.
Gas sorption was carried out on a QuadraSorb SI instrument
Quantachrome) employing argon at 87 K (ﬂuid argon as coolant)
easuring ad- and desorption data of the isotherm in the p/p0-
ange from 10−4 to ca. 1. After drying “over night” at 120 ◦C, samples
ere evacuated in the measuring cell for 72 h at 180 ◦C under
acuum (oil pump) to remove adsorbed water from micropores.
ata treatment was performed with instrument software giving
nformation about BET surface area, micro pore volume, total pore
olume and pore size distribution.
Sample preparation for mineral phase composition was  carried
ut on raw samples after drying over night at 120 ◦C at atmo-
pheric pressure. X-ray powder diffraction (XRD) was  carried out
o gather information about mineral phase composition and scan-
ing electron microscopy was  carried out to retrieve information
bout morphology. We also investigated fresh samples showing
hat the small amounts of bioﬁlms or retained solids (both are
xpected to be amorphous) have no impact on the XRD patterns
or determination of mineral phase composition.XRD experiments were performed on a Seiffert 3000 TT-
iffractometer employing CuK-radiation (3 s/step, 0.03◦ each) in
he range from 2 to 70◦ = 2. Data treatment was performed using
atch! software and Crystallography Open Database.
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SEM imaging was performed on a Cambridge S200 scanning
lectron microscope at an accelerating voltage of 20 kV at a dis-
ance of 18 mm.  Samples were investigated in original state a few
ays after sampling, drying was performed only via evacuation in
he instrument.
We deﬁned mineral pores according to IUPAC classiﬁcation
Rouquerol et al., 1994) with <2 nm as micro pores, 50–2 nm as
eso pores and >50 nm as macro pores. We  further classiﬁed pores
s soil pores according to the WRB  soil taxonomy (IUSS, 2007) with
0.2 m (200 nm)  as ﬁne pores, between 10 and 0.2 m as medium
nd >10 m as coarse pores.
. Results and discussion
.1. The effect of soil physical parameters on the hydraulic
onductivity of lava sands: the case study Riesweiler
Peak runoff of the ﬁlters after weekly manual loading with a
eﬁned volume of waste water (6 m3) was evaluated to estimate
he hydraulic conductivity of the constructed wetlands. When com-
aring the three lava sand ﬁlters at Riesweiler, the lava sand F3
learly has the highest runoff peaks after manual loading and thus
he highest hydraulic conductivity followed by F2 and F1 (Fig. 2).
All three ﬁlters have very similar soil texture varying between
6 and 91% sand, 8–12% silt and <3% clay, and carbon contents of
0.06% Corg and ≤0.14% Cinorg (Bruch et al., 2011). Even though F1
as a higher cumulative pore volume of mineral meso and micro
ores resulting in higher total pore volume (Table 2; Figs. 3 and 4),
he higher proportion of smaller pore sizes compared to F2 and F3
Fig. 3) results in considerably lower hydraulic conductivity. The
ore size distribution might also explain the difference in hydraulic
onductivity between F2 and F3. Both sands have a complete lack
f micro and meso pores (Fig. 4), but F2 has a higher volume of
edium soil pores compared to the coarse pores of F3 (Fig. 3) which
ight explain the considerable lower hydraulic conductivity. Bruch
t al. (2011) reported substantial fractions of zeolites in F1 with
maller contents in F2 and none in F3. Zeolites are crystalline alu-
inosilicate minerals with a well-deﬁned micro porous structure,
hich increases the sorption capacity of ﬁlter materials (Shanableh
nd Kharabsheh, 1996; Reyes et al., 1997; Lee et al., 2002; Yalcuk
nd Ugurlu, 2009; Fachini and Vasconcelos, 2006; Abe and Ozaki,
007). As they efﬁciently bind water, zeolites slightly swell upon
ater inﬁltration, which might have a decreasing effect upon the
ydraulic conductivity of the ﬁlters (Mumpton, 1999; Pisarovic
t al., 2003; Bruch et al., 2011).
An interesting phenomenon is the runoff peak during the sum-
er  months. The latter might be explained by a slightly lower
iological degradation during the colder winter month partly clos-
ng the pores and a subsequent higher degradation during the
ummer. Clogging can occur either due to accumulation of organic
atter or the extensive growth of bioﬁlms due to input of dis-
olved organic carbon (Okubo and Matsumoto, 1983; Pedescoll
t al., 2011a,b). The biological clogging (e.g. the growth of bioﬁlms
lso called bioﬁlm clogging, Knowles et al., 2011) is highly temper-
ture dependent and has been described to be reversible at higher
emperatures because organic material is degraded (de Vries, 1972;
kubo and Matsumoto, 1983). If biological clogging occurs only
ntermittently, it might even have a positive effect by reducing
ydraulic conductivity during the winter and thus preventing con-
amination of the aquifer during recharge of the waste water at
imes with lower biological activity (de Vries, 1972; Okubo and
atsumoto, 1983).
None of the three lava sands at Riesweiler indicated an over-
ll decrease in hydraulic conductivity during the four investigated
n
t
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ears despite loading rates of >100 mm d−1. The organic load-
ng of the ﬁlters was, averaged over the whole ﬁlter area,
0 g COD m−2 d−1. However, effective areal related loading rates of
afﬂe system fed ﬁlters can be considered to be much higher. An
pproximation of the effective inﬁltration area (estimated as the
raction of ﬁlter area that is inﬁltrated by the waste water during
oading) by visual judgement supported with water content mea-
urements in several depth (Bruch et al., 2011) resulted in 44, 14
nd 8% of the total area for F1, F2 and F3, respectively. As such, the
ffective organic loading rate for the inﬁltration area can be given
s 45, 143 and 250 g COD m−2 d−1 for F1, F2 and F3, respectively.
he combination of such a high organic loading with high waste
ater loading surely points to extraordinary puriﬁcation capacity
f all three lava sands.
An important process for the longevity of vertical ﬂow con-
tructed wetlands might be soil forming processes such as structure
evelopment and aggregate formation which will prevent clog-
ing. The latter was  documented for F1 where aggregate structures
eveloped during operation (Fig. 5) most likely being one important
arameter increasing hydraulic conductivity (note that faster water
nﬁltration during loading was  observed visually towards the end of
he project period). Knowles et al. (2011) states in their review, that
ertical ﬂow constructed wetlands might be less prone to clogging
han horizontal ﬂow systems, because of the wind-induced sway of
mergent shoots and stems that create macro-pores in the surface
ludge layer. We  would like to suggest that additionally aggregate
ormation might very well add to this process and help to prevent
r reverse biological clogging of vertical ﬂow ﬁlters.
.2. The effect of soil physical parameters and distribution
ystems on removal rates: comparison of four different case
tudies (Riesweiler, Medelsheim, Büschdorf and St. Alban)
The investigated sands had very different pore size distributions
Fig. 3). While all lava sands have a relatively wide distribution
rom ﬁne or medium to coarse soil pores, the ﬂuviatile sand St.
lban has a very narrow spectrum with coarse soil pores between
0 and 100 m only (Table 2, Fig. 3). The lava sands Riesweiler F1
nd Büschdorf have considerable larger total pore volumes with
 multimodal pore size distribution with micro pores, meso pores
nd 0.2 and 100 m medium to coarse soil pores (Figs. 3 and 4).
he lava sand Medelsheim features the broadest, undeﬁned pore
ize distribution, covering nearly the full pore size range including
icro pores and an even distribution between 2 nm and 60 m
ut with considerably lower total pore volume (Fig. 2). Lava sands
iesweiler F2 and F3 have a one peak distribution of medium and
oarse soil pores between 0.2 and 100 m.
A comparison of pore size distribution with puriﬁcation capac-
ty did not result in a clear relationship (Fig. 6). Medelsheim has the
roadest spectrum of pores sizes but clearly not the best puriﬁca-
ion capacity (Table 1). In contrast, St. Alban with the most narrow
ore size distribution within the coarse soil pores only, has very
ood removal rates for ammonia and equally good COD removal
ates as F1 (Table 1). Thus, even though porosity has been discussed
o be an important parameter (de Vries, 1972; Baeder-Bederski
t al., 2004; Giraldi et al., 2010; Harris et al., 2012; Gharasoo et al.,
012; Samso and Garcia, 2013), the pores size distribution alone
oes not seem to regulate the puriﬁcation capacity of the sands.
urthermore, an evaluation of the speciﬁc inner surface area (BET)
r the total pore volume for the six sands clearly demonstrates, that
either COD nor NH4 nor P removal rates were signiﬁcantly related
o either of these parameters (Fig. 6).
However, within the three lava sands from Riesweiler, which
ave all the same waste water distribution system and loading
128 I. Bruch et al. / Ecological Engineering 68 (2014) 124–132
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ig. 2. Peak runoff of the lava sand ﬁlters Riesweiler after weekly manual loading w
ates, F1 clearly has the best puriﬁcation efﬁciency (Table 1). The
xtremely high BET surface area of F1 as well as its multimodal
ore size distribution might explain the more efﬁcient puriﬁcation
apacity of F1 compared to F2 and F3 (Table 2 and Fig. 3). Lava sand
1 contains considerable amounts of the zeolites phillipsite and
habazite (Bruch et al., 2011), which explains its bigger speciﬁc
nner surface area as well as its high sorption capacity. The ﬁrst
tep of removal in intermittently fed soil ﬁlters will most likely be
n abiotic sorption (phosphate and organic matter as anion sorp-
ion, ammonia as cation sorption) under predominantly anoxic
onditions. An efﬁcient sorption during the rather anoxic condi-
ion of loading and a subsequent degradation of organic matter
nd ammonia during the later oxic resting phase is the explanation
f the high efﬁciency of vertical operated constructed wetlands
Knowles et al., 2011) and actually one reason why the shifting
peration of one week of loading and one week of resting is so
uccessful. If we compare the lava sand Medelsheim with the lava
ands at Riesweiler, it is obvious, that pore size distribution and BET
urface area alone cannot explain the differences in puriﬁcation
apacities. Medelsheim has the widest pores size distribution of all
ands with a continuous and very even spectrum in Hg-intrusion
rom 2 nm to 60 m (Fig. 3) as well as micro and meso pores (Fig. 4)
nd a medium ranged BET surface area of 18.3 m2 g−1. However,
uriﬁcation capacity of the ﬁlter sand Medelsheim is compara-
le to F2 for COD removal and comparable to F3 for phosphorous
emoval (Table 1). As such, with perfectly even pore size distri-
ution and considerable higher BET surface area, Medelsheim has
nly partly a better puriﬁcation capacity than the lava sands F2
nd F3. The explanation for the seemingly contradiction might be
he differences in waste water distribution systems of the ﬁlters.
w
n
s
able 2
ineralogy and results for total pore volume, soil pore sizes (from mercury intrusion) an
ava  (F1, F2, F3, M,  B) and ﬂuviatile sands (A).
Mineralogy BET [m2 g−1] Total po
F1 Diopside, zeolite 80.35 150 
F2  Diopside, traces of zeolite 0.69 100 
F3  Diopside 1.06 100 
M  Diopside, alpha-Quarz 18.30 87 
B  Diopside, zeolite 72.48 165 
A  Alpha-Quarz 1.08 112 05 04 02 03 02 01 30 29 28 29
m3 of waste water in l s−1 at the vertical chute of each ﬁlter (50 m2 ﬁlter area).
hile all Riesweiler ﬁlters (F1–F3) have a bafﬂe density of 12.5 m2
lter surface per bafﬂe, the Medelsheim ﬁlter is implemented with
ne bafﬂe every 25 m2. As such, regarding the potential inﬁltra-
ion area, the waste water distribution is much less homogenous
n Medelsheim than in Riesweiler. Because the density of the bafﬂes
s higher in Riesweiler than in Medelsheim, the effective inﬁltration
rea is likely lower and the percent area with preferential ﬂow next
o the bafﬂes is likely higher in Medelsheim than in Riesweiler with
ess ﬁlter volume being used for the waste water treatment. Thus,
he difference in waste water distribution density is obviously over-
uling the potential positive effect of a wider pore size distribution
nd a bigger BET surface area.
Following this argumentation, the puriﬁcation capacity of
üschdorf is note-worthy. With the same bafﬂe plate density as
edelsheim (one plate every 25 m2) the removal efﬁciency is con-
iderably better. The presence of zeolites in the lava sand Büschdorf
oing in parallel with a higher total pore volume and BET (Table 2)
ight contribute to the increased puriﬁcation capacity (see dis-
ussion above) in spite of low bafﬂe plate densities. However,
üschdorf and Medelsheim differ also in water and organic load-
ng rates (lower hydraulic but considerably higher organic loading
n Büschdorf, Table 1). In a European comparison on the effective-
ess of vertical constructed wetlands it was concluded, that higher
ydraulic loading might be detrimental even with lower loading
f total suspended solids, due to suppressed mineralization caused
y the high water loads (Knowles et al., 2011).A comparison of the lava sands to the ﬂuviatile sand St. Alban
as surprising. The ﬂuviatile sand St. Alban has an extremely
arrow pore size distribution spectrum in the range of coarse
oils pores only and a very low BET surface area (Table 2, Fig. 3).
d speciﬁc surface area (from argon sorption experiments, BET) of the investigated
re volume [mm3 g−1] Mineral pores Soil pore sizes (m)
Micro/meso 0.2–100
– 0.1–100
– 0.2–100
Micro/meso <0.2–100
Micro/meso 0.2–100
– 30–100
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Fig. 3. Pore size distribution and total cumulative pore volume of the investigated lava sands Büschdorf (B), Riesweiler (F1, F2, F3) and Medelsheim (M) as well as the
ﬂuviatile sand St. Alban (A) determined by mercury intrusion. Vertical right axis gives relative volume (%).
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(Fig. 5. SEM-picture of the lava sand Fevertheless, St. Alban has comparable removal rates for ammo-
ia and COD removal rates in the range of the most efﬁcient lava
and F1 in spite of very high organic loading rates (Table 1). A fun-
amental difference between the constructed wetlands St. Alban
a
a
>
A
ig. 6. Total pore volume from mercury intrusion [mm3 g−1] and BET surface area (from a
COD),  ammonia (NH4) and phosphorous (P).re (left) and during operation (right).nd all lava sands are (i) the waste water distribution system
nd (ii) considerable smaller hydraulic loading rates (<30 versus
100 mm d−1). While the lava sands have a bafﬂe plate system, St.
lban has a dense pipe system, which distributes the waste water
rgon sorption as Log[m2 g−1]) versus removal rates (%) of chemical oxygen demand
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uch more homogenously over the whole ﬁlter surface. As such,
he most likely explanation for the efﬁcient puriﬁcation capacity
espite coarse soil pores only and a small BET surface area in St.
lban is the homogenous waste water distribution over the ﬁlter
urface area combined with lower hydraulic loading rates, which
esults in a very efﬁcient use of a higher percentage of the whole
lter volume compared to the bafﬂe plate system.
Thus, our results point to the importance of the distribu-
ion system (bafﬂe versus pipe system and density of loading
oints). Regarding the latter, a general recommendation based
n our results would be that implementation of distribution sys-
ems should aim at maximum waste water distribution. The latter
nding is interesting, because different types of ﬂow systems of
onstructed wetlands sometimes including the role of vegetation
vertical versus horizontal ﬂow, hybrid systems, sloped, stratiﬁed
r unstratiﬁed; e.g. Luederitz et al., 2001; Vymazal, 2007; Hijosa-
alsero et al., 2012), or ﬂow path and conditions (preferential ﬂow,
aturated versus unsaturated ﬂow, Schwager and Boller, 1997;
aier et al., 2009) as well has hydraulic and organic loading rates
for overview see Knowles et al., 2011) have been investigated fre-
uently.
The role of waste water distribution and plant design as been
iscussed in depth for subsurface horizontal ﬂow constructed wet-
ands (e.g. Pedescoll et al., 2011a,b, 2013; Knowles et al., 2011), but
o our knowledge, the role of the distribution system (pipe distribu-
ion or bafﬂe plates) and the density of outlet points in vertical ﬂow
onstructed wetlands has not been addressed in the international
iterature yet.
. Conclusions
Lava sand ﬁlters act as efﬁcient puriﬁcation systems with no
igns of clogging after more than four years of loading with
100 mm d−1 and average COD loading of 20 g COD m−2 d−1. Esti-
ating the effective ﬁlter area by visual judgement during loading
nd a recalculation of an approximate effective loading resulted in
oading rates of up to 250 g COD m−2 d−1.
A comparison within the lava sand ﬁlters Riesweiler, which
ll three have the same distributions system (bafﬂe plates) and
oading rates (106 mm d−1) suggested a signiﬁcant inﬂuence of
he soil physical parameters on puriﬁcation capacity and rela-
ive hydraulic conductivity. However, the effects of soil physical
arameters are overruled by differences in waste water distribu-
ion systems and loading rates, if results from all ﬁve investigated
lters are compared. We  conclude, that even though pore size dis-
ribution, speciﬁc inner surface area and pore volume do play an
mportant role for the puriﬁcation capacity of sand ﬁlters, the inﬂu-
nce of waste water distribution systems and loading rates masked
his effect when all ﬁve sands where compared. The pipe system
istributes the waste water homogenously over the whole ﬁlter
urface, which results in an efﬁcient use of the whole ﬁlter volume
or puriﬁcation. In contrast, the bafﬂe system distributes the waste
ater mainly near the bafﬂe plate, resulting in a less efﬁcient use
f the ﬁlter volume. While the role of ﬁlter substrates and load-
ng rates has been discussed in the past, the systematic evaluation
f different distribution systems and densities of loading points
n connection to maximum loading rates still needs to be done in
ertical ﬂow operated systems.
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